The electronic spectrum of bithiophene in the energy range up to 6.0 eV has been studied using multiconfigurational second order perturbation theory ͑CASPT2͒ and a basis set of ANO type, with split valence quality and including polarization functions on all heavy atoms. Calculations were performed at a planar ͑trans͒ and twisted geometry. The calculated ordering of the excited singlet states is 1
I. INTRODUCTION
The 2,2Ј-bithiophene molecule has been studied extensively, since it is the smallest building block ͑except thiophene itself͒ of polythiophene. [1] [2] [3] [4] [5] [6] [7] [8] [9] The idea is that studies of the small oligomers will give the key to the understanding of the electronic structure of polythiophene. Working with small oligomers avoids problems such as those found in the synthesis of the polymer: the resulting polymer usually depends on the procedure employed for the synthesis, and consequently the spectroscopic experiments, as well as the physical properties of the material, are sensitive to the sample preparation. 10 In theoretical studies it is possible to use higher level methods in studies of small oligomers, and extrapolation of computed properties to the polymer might give results more reliable than those obtained with the polymer itself.
The lowest excited states, in addition to the geometry of the molecule, have been the most important items investigated. There is a great interest in determining the symmetry of the lowest excited state ͑A or B͒ and in knowing if the order of the lowest excited states is equal or different from that found in polyenes. Due to their structural simplicity, linear polyenes and polyacetylene have been the focus of most of the experimental and theoretical studies. It is experimentally known that for the longer all-trans polyenes, starting with hexatriene, 11 the lowest singlet 0-0 transition corresponds to an electronic state of the same symmetry as the ground state ͑for example, in dodecahexaene the 2 1 B transition in bithiophene. 2 The fact that the energy difference between these two 0-0 bands is much smaller in hexathiophene ͑0.11 eV͒, although the same ordering is found, suggests that the reversed order prevails for longer chains ͑Ͼ6 monomer units͒, that is, 2 1 A is below 1 1 B. Periasamy et al. 12, 13 have, however, suggested that the electronic energetics of ''real'' polythiophene follows the same excited states ordering as in hexathiophene based on the similarity observed between the photoluminescence of the polymer and the oligomer.
Theoretical studies of the lowest excited states of thiophene oligomers have been recently reported. [7] [8] [9] Beljonne et al. 7 have analyzed the evolution of the state ordering as a function of chain length. They have calculated the lowest singlet excited states for thiophene oligomers containing from one up eight rings using the semiempirical INDO/CI method and AM1 optimized geometries. The geometries of the excited states 1 1 B u and 2 1 A g were optimized using two different approaches. They predict the two lowest excited states of bithiophene to be in reversed order with respect to experiment.
1,2 By a modification of the CI expansion they managed to reproduce the experimental order.
The two lowest excited states of thiophene oligomers from 1 up 4 rings have been extensively studied by Negri and Zgierski. 8 Semiempirical methods were used to compute the excitation energies and oscillator strengths. Different approaches, including ab initio methods, have been employed to optimize the geometries of the ground and excited states. Although the vertical excitation energies place the 2 claim that the two lowest excited states of thiophene oligomers and polyenes are similar, and therefore the lowest excited state is predicted to have the same symmetry as the ground state, which is contrary to the experimental evidence. 1, 2, 12, 13 In order to explain the experimental information, they suggest that the 1 A g experimentally observed is the 3 1 A g state. Here, one could note that a comparison of the two lowest excited states of 1,3 cis-butadiene and thiophene shows important differences. High level ab initio calculations find the first excited state in thiophene to be of the same symmetry as the ground state ͑A 1 ͒. This is not the case in cis-butadiene, where instead the excited state symmetry is B 1 . The oscillator strengths have the same order of magnitude in the two lowest excited states of thiophene in contrast to the values reported for butadiene. 14 -16 In addition, the multiconfigurational wave function of the 2 1 A 1 state is different in the two molecules, having a larger contribution of double excitations in 1,3 cis-butadiene ͑50% vs 16%͒. We disagree therefore with the similarity proposed by Negri and Zgierski 8 between thiophene oligomers and polyenes. A simple examination of the molecular orbitals of bithiophene shows the important contribution of the S atom.
Here, we shall present results from a high level ab initio study of the lower excited states of bithiophene. The complete active space SCF method has been used in combination with multiconfigurational second order perturbation theory and an adequate basis set which includes polarization functions on all centers. We shall show that the electronic spectrum cannot be simply related to that of the small polyenes, or even to thiophene itself, since the coupling between the two units is strong and the molecular orbitals do not retain the characteristics of the monomer orbitals. The computed spectrum will be shown to be in full agreement with the most recent experimental information. A detailed discussion of the experimental situation will be given in the result section.
II. COMPUTATIONAL DETAILS
Generally contracted basis sets of atomic natural orbital ͑ANO͒ type are used, which have been obtained from S(17s12p5d)/C(14s,9p,4d)/H(8s) primitive sets. 17, 18 The contraction scheme used in most calculations was Table I shows the results of control calculations performed for the valence excited states of thiophene. For sake of comparison, the results obtained in a comprehensive study of the electronic spectrum of thiophene, using a more flexible valence contraction scheme and diffuse functions, are also included. 15 The present basis set is able to describe the valence excited states within the required accuracy and therefore can be confidently employed in the study of larger and related systems like bithiophene. In addition, in order to locate the lowest Rydberg state, the original basis set was supplemented with two s-͑exponents 0.002 666 and 0.007 235͒ and two p-type ͑exponents 0.002 332 and 0.006 331͒ diffuse functions placed at the charge centroid of the molecule. This enlarged basis set was, however, only used in the calculation of the Rydberg state.
Calculations have been performed at the planar trans geometry ͑C 2h symmetry͒ and at the twisted transbithiophene conformation ͑C 2 symmetry͒ obtained at the MP2/6 -31G* level. 19 At the same level of calculation, the twist angle between the two rings was computed to be 38°at the equilibrium geometry, with a small barrier to transplanarity ͑Ϸ1 kcal/mol͒. Electron diffraction experiments have determined that bithiophene is twisted in the gas phase. 20, 21 The most recent experiment 21 has shown the existence of two conformations. The planar trans geometry has been only observed in crystals. 22 As will be discussed below, the reduction of symmetry upon rotation around the central C-C bond plays a key role in the interpretation of the spectrum. The molecule was placed in the xy plane, with the long molecular axis corresponding to the y axis. The orbitals belong therefore to the b g and a u irreducible representations of the C 2h symmetry group.
Multiconfigurational wave functions were initially determined at the complete active space ͑CAS͒SCF level of approximation. 23 In most of the calculations the active space comprises the ten valence orbitals. It may happen, however, that large coefficients appear in the first order wave function due to the appearance of, so-called, intruder states in the first order interacting space. If this happens, the active space has to be enlarged in order to include these states into the CAS CI space and thus make them noninteracting with the reference function. Such a situation occurred in the present study for the 2 1 A g excited states in the twisted conformation. Two orbitals ͑one of each symmetry͒ had to be added. The orbitals were of diffuse character and only weakly interacting with the remaining configurations. The effect on the excitation energies is therefore small. Still, this single excitation energy may carry a larger uncertainty than the remaining ones, since it was computed with a different active space. The 12 electrons were active. All remaining valence electrons were inactive, including the sulphur 2s and 2 p electrons. The carbon and sulphur 1s electrons were kept frozen in the form determined by the ground state SCF wave functions and were not correlated. The relative energy of each excited state refers to the ground state energy computed with the same active space. The molecular orbitals ͑MOs͒ for the excited states have been obtained from average CASSCF calculations, where the averaging includes all states of interest for a given symmetry.
The CASSCF wave functions are used as reference functions in the second order perturbation treatment through the CASPT2 method. 24, 25 Dynamic correlation effects, which are important for accurate predictions of the excitation energies, are accounted for in this way. The performance of the method in calculations of electronic spectra has been discussed in detail in earlier applications. 26 The dipole transition moments are computed using the CASSCF state interaction ͑CASSI͒ method. 27 Energy differences corrected by CASPT2 are used in the oscillator strength formula.
The calculations have been performed on IBM RS/6000 workstations of the University of Valencia using the MOLCAS-3 quantum chemistry software.
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III. RESULTS
In this section we shall discuss the results of the calculations. In order to give background for this discussion we first summarize the experimental situation. Before discussing the computed energies and molecular properties, a simple qualitative analysis, based on orbital energy differences, will be made that shows why we can expect to find a number of electronic states with low energies.
A. Experimental background
Kohler et al. have recently reported the fluorescence excitation and fluorescence spectra of bithiophene seeded in a supersonic helium expansion 4 and in solid solutions in hexane at 4.2 K. 1 The vibronic progressions in both the fluorescence excitation spectra are very similar, which suggest that the molecular conformation of bithiophene is similar in the gas and the condensed phases. A solvent to gas shift of 1508 cm Ϫ1 ͑0.19 eV͒ is observed. 4 Changing the expansion conditions, the fluorescence excitation spectra of the cis and trans isomers can be separated. The S 1 origin excitation energy was located at 31 100 cm Ϫ1 ͑3.86 eV͒ for the trans isomer 4 in a supersonic He expansion, and at 29 600 cm Ϫ1 ͑3.67 eV͒ in condensed phase. 1 Only the spectrum of the trans conformer was observed in the condensed phase experiments. Birnbaum and Kohler 1 assign the S 1 state to the 1 1 B u state, which they assume to be described by the HOMO→LUMO configuration. The overlap of the 0-0 band in the excitation and emission spectra, as well as the similar vibrational development, indicate that the S 0 →S 1 transition is symmetry allowed, supporting the assignment to a B u state.
Birnbaum and Kohler have also reported the two-photon fluorescence excitation spectrum of a dilute solution of bithiophene in crystalline n-hexane at 77 K. 2 The observed spectrum seems to have some vibrational structure. Thus the 0-0 band is located at 36 200 cm Ϫ1 ͑4.48 eV͒, and the vibronic band with the greatest intensity appears as a doublet ͑centered at 36 400 and 36 600 cm Ϫ1 ͒. It is clear that the two-photon fluorescence signal is due to a A g state ͑if C 2h symmetry is assumed͒ but the question is if it is the second or third 1 A g state. The authors suggest that the observed band corresponds to the 2 1 A g state due to the close correspondence between the observed origin energy to that predicted by extrapolating the measured dithienylpolyene origin energies. The suggestion by Negri and Zgierski 8 that the third A g is observed would require that only S 2 emission is seen in the condensed phase, which would be very surprising.
The uv absorption spectrum of bithiophene has been investigated in solution in order to provide experimental information for determining the predominant conformation of the molecule. 29, 30 Abu-Eittah et al. 29 reported the uv absorption spectrum of bithiophene using solvents of different polarity.
Three well-defined electronic transitions were observed in the 3.75-6.20 eV energy region and assigned to →* transitions. For the three bands, the position of the max. changed very little with the solvent polarity, but the relative intensity of the second and third bands was more affected by the solvent. Thus in cyclohexane the maxima of the bands appear at 4.12, 5.00, and 6.05 eV ͑f ϭ0.36 and 0.22 for the two first transitions͒. The band at 6.05 eV is more intense than the band at 5.00 eV, but the oscillator strength is not given. Using methanol as solvent the positions are 4.09, 5.02, and 5.93 eV, and the oscillator strengths 0.35, 0.21, and 0.11, respectively. Hence, in methanol the third band has less intensity than the second one. Whatever the solvent, the longwavelength band appears with the highest intensity and broad, which has been attributed to the existence of a number of nearly planar conformers of comparable energy.
A study of the polarizations of the -* transitions of biaryls, including bithiophene, was carried out by Nordén et al. 30 They reported the uv absorption spectra in cyclohexane solution and a polarized spectrum in oriented polyethylene films. The same three bands were observed but with relative intensities different from that reported by Abu-Eittah et al. 29 Thus the third band was located at 6.46 eV in cyclohexane with the largest extinction coefficient. The longwavelength band was found to be polarized along the long axis. Mixed polarizations were observed for the second band ͑the angle between the transition moment and the long axis of the molecule was estimated to be 46°͒. The bands appeared at the same positions in solution and in film. Nordén et al. 30 reported also PPP calculations for planar cis-and trans-bithiophene in order to elucidate the preferred conformation of the molecule by means of the comparison of the calculated and experimental spectra. A trans conformation was shown to reproduce better the experimental spectrum.
It is clear from the summary given above that the experimental situation is unclear with respect to the state ordering and the symmetry of the lowest states in bithiophene. Most evidence seems to indicate that the lowest state is of B symmetry but the location of the lowest state of A symmetry has not been established. Below we shall present the results of the calculations, which explain the complexity of the experimental spectrum and show that the state ordering and transition energies in this system cannot easily be related to that of the polyenes.
B. A qualitative analysis
It is tempting to try to relate the electronic states in bithiophene to those of the monomer. Such an analysis was recently, and successfully, performed for biphenyl, where it was shown that the excited states could be identified with respect to the corresponding excitations in benzene. 31 However, the coupling of the two systems in biphenyl is rather weak ͑the CC bond distance is close to a single bond: 1.50 Å͒. Therefore the orbitals are only weakly perturbed and retain their benzene identity to a large extent. The situation in bithiophene is different. The coupling is much stronger with a CC link distance of only 1.45 Å. The molecular orbitals of the dimer are therefore considerably modified, in particular, since the HOMO and HOMO-1 orbitals in thiophene are close in energy and therefore mix strongly when perturbed ͑cf. Table II͒ . It is thus not possible to identify an excitation pattern in the dimer from the orbitals of thiophene.
However, an inspection of the -orbital energies for bithiophene shows that we can expect a complicated lowenergy spectrum involving several excited states. The HOMO to LUMO orbital energy separation is 9.3 eV, which is considerably smaller than in thiophene ͑12 eV͒. The first 1 B u state is therefore expected at an energy lower than the corresponding 1 B 2 state in thiophene, which is the second excited state and appears at 5.7 eV. The HOMO-1 energy in this molecule is only 0.5 eV below the HOMO and it is the HOMO-1→LUMO excitation, which gives rise to the first excited state, 2 1 A 1 , in thiophene at 5.3 eV. It is pushed below the 1 B 1 state due to the interaction with the HOMO→LUMOϩ1 excitation ͑for a more detailed discussion of the thiophene spectrum see Ref. 15͒. It is this competition between the HOMO→LUMO excitation and the interacting HOMO-1→LUMO and HOMO→LUMOϩ1 configurations that determines the ordering of the lowest states in the molecules containing two interacting double bonds.
The situation in bithiophene is further complicated by the fact that the HOMO-1 and HOMO-2 orbital energies differ by only 0.2 eV. Thus four excitations, two of A g and two of B u symmetry, can be expected at energies below 5 eV. The ordering cannot be predicted from simple arguments, since it depends on the strength of the interaction between the two pairs of electron configurations. We can also expect the ͑HOMO͒
2
→͑LUMO͒
2 double excitation will contribute strongly to the lowest A g states, similarly to what happens in the five-membered ring systems. It is clear that the experimental difficulties in assigning the measured spectra are related to this complexity with four states of two different symmetries within a narrow energy range.
Another possible analysis would be to compare bithiophene with cis-octatetraene, for which the conjugation ought to be similar. This is, however, not the case. Thiophene itself is the five-membered ring system that differs most from cis-butadiene. It is considered to be most aromatic, since the sulphur -orbital interacts more strongly with the rest of the ring than the corresponding nitrogen or oxygen orbital in pyrrole and furan, respectively. 15, 26 It is therefore not possible to neglect the coupling of the sulfur atom to the carbon system in a discussion of the electronic structure of the polythiophenes.
The geometry of bithiophene in the ground state is trans, but slightly out of plane with a twist angle of about 38°. The barrier to planarity is small. 19 The situation is most probably different in the excited states. The HOMO is antibonding over the dimer while the HOMO-1 and HOMO-2 orbitals are nonbonding. The LUMO is, on the other hand, bonding, while the LUMOϩ1 is antibonding. Thus, we expect the first 1 B u state ͑HOMO→LUMO͒ to be planar. The same is most probably true for the other states, which have the LUMO orbital strongly occupied. Long vibrational progressions are expected in gas phase spectra, while spectra recorded in solid phases at low temperatures would be redshifted, if the ground state is trapped in a planar conformation.
C. The calculated excited states and the electronic spectrum
The six lowest singlet valence excited states have been considered, four of 
→͑LUMO͒
2 that dominates the wave function. Thus, the characteristics of the wave functions for the four lowest excited states are those expected from the simple qualitative analysis given above.
The computed excitation energies and transition intensities for the planar and twisted forms are presented in Table  IV together with relevant experimental information. The computed energy difference ͑CASPT2͒ between the two geometries in the ground state is only 0.01 eV ͑0.25 kcal/mol͒. A somewhat larger value ͑0.81 kcal/mol͒ was obtained in a recent MP2 calculation. 19 The same calculation showed that the entire potential curve for the intramolecular rotation is very flat. The energy difference between the trans-and cisgauche forms is only 0.54 kcal/mol with a barrier of 1.56 kcal/mol in between. This finding is confirmed by the recent measurements of the fluorescence excitation spectrum, which is shown to have two components, one which decreases with increasing temperature and one, which increases. 4 The cistrans energy difference estimated from the experimental data is 1.16Ϯ0.13 kcal/mol. These results are important for the present analysis for two reasons. The fact that the ground state potential is flat implies that variations in computed excitation energies for different geometries will reflect mostly the shape of the upper state potential. Second, the comparison with experiment is complicated by the fact that measured bands will depend strongly on the temperature and on the medium. It is not unlikely that the cis conformation is more stable than trans in polar media, since there is a large difference in dipole moment. It is only low-temperature gas phase data that can be directly compared to the present results. The potential curves for the excited states are very different from those of the ground state. In the region of the trans conformer they have a distinct minimum at the planar geometry. The energy difference to the twisted geometry varies between 0.14 eV for the 2 1 B u state to 0.45 eV for the 2 1 A g state. Since the potential for the ground state is flat, these energy differences are almost identical to the difference between the two sets of excitation energies given in Table   IV . As a result, the computed excitation energies for the planar conformation are close to the 0-0 transition energies. The computed ''vertical'' energies ͑those for the twisted form͒ are more difficult to relate directly to experimental data, again because the potential for the ground state is flat, while the upper potential is not. It should be noted that the transition moments vary strongly with geometry.
As expected from the qualitative analysis, we find four 
Principal configurations
Weight It has considerably lower intensity in the planar geometry than the first state, but they become more similar when the molecule is twisted. Gas phase absorption spectroscopy finds the first band with a peak at 4.13 eV. 4 The band is broad with several features on the low energy side and it is not unlikely that it contains more than one transition. Also uv absorption spectra in solution show the same band. 29, 30 The first band of 1 A g symmetry appears at 4.40 eV in the planar conformation. It is shifted to 4.90 eV when the molecule is twisted ͑notice, however, that this latter energy is computed with another active space͒. The two-photon excitation spectrum of Birnbaum and Kohler 2 locates the 0-0 band of a state of 1 A g symmetry at 4.48 eV, which is again in agreement with the present result. It is discussed, whether they see the first excited state of this symmetry or the second. The present results strongly indicates that it is the first, but the 3 1 A g state is only 0.31 eV higher in energy. Considering the error bars of the computed excitation energies ͑0.3 eV͒ we cannot completely rule out the possibility that it is the third state, which is observed. The proposition of Negri et al. 8 that the first excited state is of this symmetry and that for this reason the observed state is 3 1 A g can, however, be ruled out. Both these states are forbidden for the planar geometry, but become allowed when the system is twisted. Ultraviolet absorption spectroscopy finds a second band with peak at about 5.0 eV. 4, 29, 30 This band most likely contains both the 1 A g transitions, which in the twisted conformation are almost degenerate.
The uv absorption spectra contains a third band with maximum at about 6.0 eV. 29, 30 The calculations assign this band to the third state of 1 B u symmetry, which is computed to have a 0-0 transition energy of 5.53 eV, which increases to 5.79 eV at the twisted geometry. The uv absorption spectra have been recorded in solution and a direct comparison is therefore not possible, since the ground state conformation of the molecule is not known. It is probable that it is cis, at least in polar solvents. But the assignment of the band is clear. A fourth 1 B u state has actually been found with an adiabatic energy of 6.02 eV ͑not included in Table IV͒ . The band at 6 eV is probably composed of both these transitions. The computed intensity for the latter state is, however, very small.
Finally we should mention that the location of the lowest Rydberg state ͑HOMO→3s͒ has also been determined. An active space of 11 orbitals was used ͑valence and one 3s orbital͒ and the calculations were performed at the twisted geometry. The computed excitation energy was 5.36 and 5.27 eV at the CASSCF and CASPT2 level, respectively.
D. Comparison with earlier theoretical results
A number of semiempirical calculations have been performed on bithiophene and larger oligomers. It is of interest to compare with the present results, since a test of the reliability of the different semiempirical approaches can aid in evaluating the results obtained for the larger systems, where the ab initio methods cannot be used. Bithiophene was studied by Nordén and co-workers in 1972 using the PariserParr-Pople -electron model. 30 They obtained the same order of the excited states as in the present study. The computed excitation energies are somewhat larger, but the separation of the 1 Beljonne et al. used the INDO/MRCI method, which seems to be less successful than the PPP approach. 7 The state ordering is different, but also this method finds four states with low excitation energies. A different choice of configurations in the CI expansion led to correctly ordered excitation energies. Negri and Zgierski have recently published results obtained using the CNDO/SϩCISD and QCPF/PIϩCISD methods. 8 Also these techniques give the wrong order of states, although the latter method places the first 1 A g state above the first ͑but not the second͒ 1 B u state. These two states become degenerate with the CNDO/S method. Computed excitation energies are within 1 eV of the present results. The general conclusion must be that the semiempirical approaches seem to be able to correctly predict the general structure of the spectrum, but fails to describe the finer details ͑which is not unexpected͒. The present results could be used to calibrate the approximate data for 2,2Ј-bithiophene. Extrapolation to larger oligomers could then be done using the shifts computed with a semiempirical approach. It is, however, planned to use the present approach in a similar study of 2,2Ј:5Ј,2Љ-terthiophene, which will give more data for such extrapolations.
IV. CONCLUSIONS
We have presented results from a high level ab initio quantum chemical study of the electronic spectrum of bithiophene. Multiconfigurational second order perturbation theory has been used to compute the excitation energies. This method is known to produce results, which with very few exceptions, are accurate to at least 0.3 eV. 26 We are therefore confident that the computed singlet excitation spectrum is correct. This is also born out by the comparison with experiment. The fluorescence excitation spectra of Kohler et al. give 0-0 energies for the first two transition that are in agreement with the present results. We conclude from the calculations that four excited singlet states occur with energies below 5.0 eV, two of 1 A g and two of 1 B u symmetry. The energies of the first state of each symmetry are correctly predicted. The comparison with experiment for the second state in each of these symmetries is more difficult, since most information is available from solvent spectra at high temperature, where the conformation of the ground state is unclear. The main features of the uv absorption spectra are, however, explained and the calculated excitation energies are close to observed band maxima. We conclude that the main features of the low energy part of the electronic spectrum of bithiophene have been understood.
